The electromagnetic waves including wavelengths of 2.5 to 1000,um is called far-infrared (FIR), which is effectively irradiated from a ceramics heater at its surface temperature below 100°C. The energy of this wave region is completely absorbed into water molecules by resonating with their rotation, which stimulates their molecular movement and then effectively accelerates their evaporation. 1) This suggests that some properties of a compound in an aqueous solution may be changed when it is irradiated under cooling, and absorbed or resonated with the weak energy of FIR for a long time. The effects of FIR have been temporarily termed non-thermal effects. This work is based on the assumption that one of the objects may be an enzyme activity, which is amplified to an experimentally detectable range in an aqueous solution when they accepted a weak energy of FIR accompanying only a molecular rotation of water. We have considered xanthine oxidase (BC 1.2.3.2) as a model enzyme. This enzyme catalyzes the production of uric acid and superoxide anion, O 2 , from xanthine, oxygen, and water. 2 -4 ) The O 2 is an aging factor. 5 ,6) We have expected that the production of O 2 may be effectively represed by the FIR radiation. Folic acid, 5-formyltetrahydrofolate (5-f-THF) and allopurinol as well as methotrexate and bisulfite are potent competitive inhibitors for this enzyme.
7 -9) Folic acid reversibly binds to the reduced molybdenum center,9) preventing reoxidation and further catalysis of the enzyme, although allopurinol is oxidized to oxipurino1. 10 ,l1) We investigated the possibility of the regulation of the xanthine oxidase reaction by kinetic analysis using some competitive inhibitors. Preliminary experiments showed that the enzyme activity was significantly repressed by absorbing a weak energy of FIR.12) In this paper, new evidence has been obtained that the energy of FIR irradiated from a ceramics heater could reversibly regulate the enzyme activity. Therefore, a steady-state molecular kinetic analysis for the enzymic reaction, especially a thermodynamic analysis, has been doned for estimating the detailed mechanism of regulation of the xanthine oxidase reaction by the FIR ... To whom correspondence should be addressed. radiation under cooling. We estimated that a radiation of such a weak energy of FIR not only solvated the reaction components with water but also kept the enzyme structure in a folded state, by which modification of the enzyme activity was effectively regulated.
Materials and Methods
Folic acid, 5-formyltetrahydrofolic acid (5-f-THF), allopurinol, and milk xanthine oxidase (grade III) were obtained from Sigma. Nitrotetrazolium blue (NBT; Dojindo Lab., Kumamoto) and all other chemicals were of analytical grade.
A PPS-114S far-infrared constant heater (Isuzu Seisakusho Ltd., Tokyo) has three Type I ceramics heaters (Yamaki Denki Co., Tokyo) with a radiant efficiency above 95% of black body in regions above 5 Jlm. Sample solutions (0.5ml) were put in a Nunc10n 24-well (16mmi.d./well, Nunc Ltd., Denmark) which was kept 25 cm from the ceramics heater (the surface temperature: 68°C) and was cooled to 10°C by a CP-150 Taitec Cool pump (Taiyo Service Center Ltd., Saitama). The aqueous solutions containing xanthine oxidase (166 Jlg/ml) and 150 JlM each of xanthine, folate compounds, and allopurinol were irradiated. There was no evaporation from the sample solution during at least 6 h of radiation, although the maximum evaporation after 24-h radiation was below 3% of the initial volume. Therefore, the weight of a sample solution was adjusted to the initial weight by adding appropriate amounts of water after such longer radiations. The surface temperature of the heater was measured with an IT-340 infrared thermometer (Horiba Seisakusyo Ltd., Kyoto) which was kept 25 cm from the heater. The radiant energy was calculated as 72mW/cm2 (7.2 x 104e.s.u./cm2) according to the Stefan-Bolzmann equation, and multiplied by an emissivity of 0.95.
The initial velocity was measured by monitoring an absorbance for 5 min at 25°C with a UVIDEC 660 spectrophotometer (Japan Spectroscopic Co., Ltd., Tokyo). The initial rates of superoxide production were calculated from an increase in absorbance at 540 nm of formazan (e = 36 mM-1 cm -1) formed by the reduction of NBT 13 ) (NBT method). The initial rates of the uric acid formation were calculated from an increase in absorbance at 291 nm (e=9.84mM-1 cm-1 )9) (UV-291 method). The reaction mixture (1.50 ml) contained as follows: for the NBT method, 0.1 M phosphate buffer (PH 7.8), 1.67mM EDTA'Na 2 , 2.5mg gelatin, 0.6mg NBT and 5 to 25 JlM xanthine; for the UV-291 method, 0.1 M phosphate buffer (PH 6.8, 7.8, or 8.5), 1.67 mM EDT A . Na2 and 5 to 25 JlM xanthine.
Five concentrations between 0.3 and 1.5 JlM folate, and 15 and 50 JlM 5-f-THF or 0.5 and 2.5 JlM allopurinol were used for inhibition experiments using the NBT method and Dixon plots using the UV-291 method at pH 8.5. The reaction was started by adding 1.7 Jlg (34mU) ofxanthine oxidase. The enzyme had a protein-flavin ratio (A28o/A450) of 8.5 and an activity Abbreviations: FIR, far-infrared; 5-f-THF, 5-formyltetrahydrofolate; NBT, nitrotetrazolium blue.
to flavin ratio of 180 min -1 at 25°C. After the radiation, the irradiated solutions of enzyme, xanthine, folate, 5-f-THF, and allopurinol were diluted with a buffer by about 1/100, 1/30, 1/500, 1/10, and 1/300, respectively, and used for the enzyme assay as described above. The reaction mixture was not irradiated during incubation. Each set of experiments was repeated a minimum of five times. Data are the means of five different analyses from a representative experiment.
Results

Influence of radiation time and its intensity
As shown in Fig. 1 , the activity of xanthine oxidase irradiated for 3 h decreased to about 85% of the nonirradiated one, which situation continued until 24 h of radiation. When the enzyme solution was irradiated for 3 h by the ceramics heater at various surface temperatures (60, 68, 74,90, and 102°C: the temperature of the constant heater was set up to 30, 37,·40, 45, and 50°C,respectively), the activity was almost 80% of the non-irradiated enzyme. The repressed activity was preserved during at least 2 days of storage at 4°C after stopping the radiation, although the remaining activity of the irradiated and non-irradiated enzymes reduced to 86 and 74%, respectively, of their initial activities owing to the instability of the xanthine oxidase preparation for 2-day storage at 4°C. The repressed activity, however, recovered to the non-irradiated control level after 3 days of storage at 4°C. The enzyme solution evaporated Xanthine oxidase (166Ilg/ml) in 0.1 M phosphate buffer (pH 7.8) was irradiated with a ceramic heater (the surface temperature, 68°C) by cooling the solution to lOoe. Samples (15 Ill) were withdrawn at different times, and the initial rates of xanthine oxidase (1.7llg: 34mU/ml) were measured using the NBT method described in Materials and Methods. Each point includes SEM of five data points. to about 97% of the initial weight by setting up the temperature of the heater to 50°C regardless of cooling the solution to 10°C. When the solution continued cooling at 4°C during the radiation longer than 8 h, the volume of a sample solution increased to about 103 % of the initial volume owing to waterdrops condensing. We selected 68°C and 3 h for the irradiation conditions and 10°C for the cooling one because a significant and a constant repression of activities was obtained, the solution did not evaporate, and water drops did not condense into wells during the radiation.
Kinetic analysis for the reaction
Michaelis constants (Km) for xanthine were measured with a Hofstee plot (s/v against s) as shown in Fig. 2 . The intercept on the x-axis represents -Km. The slope represents 1/ V max' Two lines of the irradiated (.) and non-irradiated (0) enzyme systems crossed in the first quadrant. This behavior is termed a mixed type of inhibition. 14 -17 ) When the reaction was analyzed with the NBT method at pH 7.8 (Table I) , the Km for xanthine and V max for the reaction using the irradiated enzyme decreased to 51 and 85%, respectively, of those for the non-irradiated control. When the reaction was analyzed with the UV-291 method at pH 6.8, 7.8, and 8.5, the Km values for xanthine in the reaction with the irradiated enzyme were 86, 88, . and 65%>, respectively, of those for the non-irradiated control. The V max at their pHs were 96, 90, and 91 %, respectively, of those for the non-irradiated control.
Evaluation of thermodynamic parameters for the reaction
with Km and V max values As shown in Table II , the thermodynamic parameters for the reaction were calculated from Km and V max values. 14, 18) The standard free energy change, .dG~, the enthalpy change, .dH~, the entropy change, .dS~, and the activation enthalpy change, .dH; and the entropy change, .d S; for the reaction using the irradiated enzyme and substrate significantly decreased, but the activation free energy change, .dG; Five different concentrations of xanthine (5, 10, 15,20, and 25 pM) were incubated in the presence of 1.7 pg (34mU/ml) of the irradiated or non-irradiated xanthine oxidase, and the activities were analyzed by NBT and UV-291 methods as described in Materials and Methods. Kinetic constants (Km and V rna.) were calculated from the x-axis intercept and the slope (see also Fig. 2 ). Values are means±SEM for seven to eight different experiments. Xanthine oxidase (166,ug/ml) in 0.1 M phosphate buffer (PH 7.8) was irradiated for 3 h and used for assay after a 100-time dilution.
NBT method UV -291 method Radiation* Km Five different concentrations of xanthine as described in Table I were incubated at different temperatures (22, 25, 27, 30, 35°C) in the presence of 1.7 Jlg of the irradiated or non-irradiated xanthine oxidase. Activities were analyzed by the NBT method described in Materials and Methods. A 150 JlM of xanthine was irradiated for 3 h, and different concentrations of the irradiated xanthine was incubated at each temperature as above. The changes in the standard free energy LlG~ at 25°C, the enthalpy, LlH~ * ( +) and (-) mean the irradiated and non-irradiated conditions, respectively, for xanthine oxidase and xanthine. e.u.: JK -1 mol-l.
Equations for calculating thermodynamic parameters are as follows: Xanthine (PM) with the irradiated system depends on an enthalpy process. Figure 3 shows Hofstee plots for the non-irradiated (A) and irradiated (B) enzyme systems in the absence or presence of the irradiated and non-irradiated folates. Three lines in each graph were parallel, because folate is a competitive inhibitor. 11, 15) The K j for folate obtained by the NBT method are shown in the legend of Fig. 3 . The K j for folate significantly decreased in the irradiated enzyme system including the irradiated folate and the non-irradiated xanthine.
Inhibition of xanthine oxidase by the irradiated inhibitors
The far-infrared radiation for 3 h also decreased the K j for a competitive inhibitor, 5-f-THF. From Dixon plots with the UV-291 method at pH 8.5, the K j for 5-f-THF were calculated as follows: 49 f1.M for the system of enzyme ( -) and 5-f-THF ( -), 26 f1.M for the system of enzyme ( .:-) and 5-f-THF ( + ), 29 f1.M for the system of the enzyme ( + ) and 5-f-THF (-), and 20 f1.M for the system of the enzyme ( + ) and 5-f-THF ( + ), where the system of ( + ) and ( -) mean the irradiated and non-irradiated conditions, respectively, for the enzyme and 5-f-THF. The radiation, however, only affected a potent inhibitor, allopurinol a little, where all K j were about 0.58 f1.M regardless of irradiating the enzyme and allopurinol.
Evaluation of thermodynamic parameters for the reaction with K j
As shown in the legend of Table III, Hofstee plots for the non-irradiated (A) and irradiated (B) enzymes were used for measurement of the K j for the irradiated (square) and non-irradiated folates (triangle). AlSO J.l.M of folate was irradiated for 3 h and at 1 J.l.M after dilution was used for the inhibition analysis. Data correspond to the reaction at different irradiating conditions for xanthine oxidase and folate. The activity was measured by the NBT method at pH 7. in the non-irradiated enzyme system including the irradiated folate. However, the standard free energy change, L1G~ in the irradiated enzyme system including the irradiated folate showed the largest negative value, which indicates a strong affinity of folate for the enzyme.
Discussion
The reaction accompanying a decrease in both the Km and V max values has. also been reported for an ascorbic acid oxidase reaction which is regulated by a magnetic field. 1 7) The enzyme activity quickly returned to its initial mode of activity after the magnetic field was removed. The effect of the FIR radiation on xanthine oxidase reaction, however, has been preserved during at least 2 days after stopping the radiation. The activity of the irradiated xanthine oxidase recovered to a controlleve1. The enzyme activity was almost a constant value during over 3 h of radiation and further the activity was not affected even by a tOO-times dilution of the enzyme. These results estimate that a conformation of xanthine oxidase may be maintained in a state when the enzyme in an aqueous solution absorbed and resonated with a weak energy of FTR. A classical ping-pong mechanism for the xanthine oxidase reaction has been proposed. 19 ,20) Xanthine is hydroxylated to uric acid, donating two reducing equivalents to the oxidized enzyme. This reaction takes place at the molybdenum center of the enzyme. The superoxide anion (0 2 ) is produced at the flavin center. 19 ) The V max for the reaction of xanthine oxidase having low potential flavins decreases owing to the distribution of reducing equivalents between the molybdenum and flavin active centers of the enzyme. 21 ) This suggests that a decrease in V max for the reaction including the irradiated enzyme system may be caused by' a repressive effect of the FIR radiation on an electron flow at the flavin center, which is a binding site for the second substrate, oxygen.
There is a report on the solvation effects by an organic solvent upon the thermodynamic substrate activity in an enzyme kinetics. 22 ) Therefore, a thermodynamic analysis will have more detailed implications for the non-thermal effects of the FIR radiation on the overall electron. flux in the xanthine oxidase reaction. The changes in the standard free energy, L1G s o and the enthalpy, L1H~ for the reaction with the irradiated enzyme system including the irradiated xanthine decreased more than those in the non-irradiated control system (Table II) , suggesting stimulated formation of a Michaelis complex which includes an oxidized enzyme-xanthine and a reduced enzyme-uric acid., However, the activation free energy change, L1 G: for the formation of the irradiated activating Michaelsi complex (ES *) which includes a reduced enzyme-0 2 and an oxidized enzyme-0 2 increased more than that for the non-irradiated control system. This indicates that product formation from the irradiated ES* complex may have been limited, and the complex may have been kept in a stabilized form. In short, the separation step of O 2 from the irradiated activation complex has been more repressed. The activation enthalpy change,L1H: which is an energy element in the activation step decreased to 56% of the non-irradiated system, suggesting that the components in the irradiated system might be covered with structured water molecules. Therefore, this decrease in L1H: will cause just a decrease in L1S:. Recently, some experimental evidence using 170-nuclear magnetic resonance has appeared suggesting that a cluster of water is changed into a smaller size by a radiation of such an extremely weak energy as supersonic 5 m W /3 V / 40 Hz or by only wrapping the outside of the container of a solution with a ceramics sheet. 23, 24) The reports indicate that a line width of oxygen signal for the irradiated water has decreased to between 50 and 80% of the non-treated contro1. Wilcox and Eisenberg show that the energy for electrostatic interactions by an en tropic contribution of an enzyme is below about lOOJ/mo1. 25 ) Therefore, it will be reasonable to estimate that the effective solvation of the enzyme and substrate with water or an electro stricti on of a water layer around them has been obtained by absorbing or resonating with a weak energy of FIR. Namely, a negative charge of an active center o(the enzyme and a positive charge of xanthine 20 ) has been modified with a stabilized or a structured water layer. The state will cause a decrease in the standard entropy change,L1S~ for the enzymic reaction. The decrease in L1S~ will also implicate the following situations: the enzyme prefers a folding structure, and the same signs of charges approach each other or the solvated species do by lyophobic interactions. 8) Since a basal state of the solvated enzyme and substrate exists in a higher degree of freedom, the formation of an ES * complex will require' much greater decrease in an activation entropy change, L1S:. The difference in L1S: between the irradiated and the non-irradiated systems, i.e., L1L1S: was -77.6 e.u. (Table II) . The L1L1S: value could be assigned to differences in rotational entropies owing to the torsional oscillations around single bonds in the active centers of the irradiated and non-irradiated enzymes. Since the activationentrol'Y change associated with freezing rotation of single bonds is about 20e.u.,26) theL1L1Stvalue can be accounted for by an' extra rotation entropy around about four single bonds in the irradiated ES * complex. This also proves that the structure near the active center of the enzyme has significantly changed by absorbing or resonating with the FIR energy.
As shown in the legend of Fig. 3 , the K j for folate in the irradiated enzyme system including the irradiated folate decreased to 25% of that in the non-irradiated control system, which value was about a half of that for a potent inhibitor, allopurinol. Since the pKa for folate were only slightly changed by the radiation,27,28) the decrease in the Ki may be rather brought about by a change in the structure near an active center of the enzyme.
Although allopurinol is oxidized to oxipurinol by xanthine oxidase,7) folate forms only a reversible nonproductive folate-enzyme complex. Therefore, a thermodynamic analysis using the folate system will be convenient for estimating the chemical properties of the active center of the solvated enzyme. The standard free energy change, L1G~ for the non-irradiated enzyme system including the irradiated folate slightly increased over that for the non-irradiated control system, although the slope of log Kd(l/T) showed a large negative value (Table III) . The decrease in the slope will make the enthalpy change, L1H~, a larger negative value. The large negative L1H~ value for the irradiated system indicates that the reaction takes place by an exothermic process. This decrease in L1H~ for the irradiated system has also resulted in a greater negative entropy change, L1 Sso. This suggests that an effective solvation of folate with water or its electro stricti on with water may occur in the irradiated system.
The AS~ value (-61 e.u.) for the irradiated enzyme system including the non-irradiated folate and xanthine significantly increased than that for the non-irradiated control system including folate and xanthine (-440e.u.), although the L1S~ value (-95.6e.u.) for the irradiated enzyme and xanthine more decreased than that for the non-irradiated control system including xanthine (-75 e.u.) as shown in Table II . Since a desolvated anion is a barrier in a chemical reaction,4) the proximity of the non-irradiated anionic folate to the irradiated enzyme will perturb a water layer which is built up around an active center of the enzyme. This situation will cause more increases in the L1H s o values. The disturbing effect by folate will be greater than that by xanthine owing to a higher molecular weight and the wider dimension of folate having a benzoylglutamic acid residue in its molecule. This may have implications because the increase in the L1S s o for inhibitor exceeded the decrease in the L1 Sso for the substrate (Tables II and III) . The reaction in the irradiated enzyme system including the irradiated folate and the non-irradiated xanthine, however, showed the greatest negative L1G~, indicating the strongest affinity of folate for the enzyme. A large decrease in a rotation entropy change has been essential for fixing folate to the active center of the enzyme in the non-irradiated control system (Table III) . The reaction in the irradiated system, however, could proceed without such an accompanying decrease in entropy change as the control system owing to a strong affinity of folate to the enzyme as well as the greater L1H~ for the reaction.
Although the K j for the irradiated 5-f-THF also decreased to 41 % of the non-irradiated one, those for allopurinol were not significantly affected. These results suggest that a structure and a dimension of the inhibitors solvated by radiation may be important factors for analyzing a steric structure near the active center of xanthine oxidase.
The implication of these studies on a non-thermal effect of FIR is that an effective solvation or an electrostriction of water obtained around the components in the xanthine oxidase reaction will occur when the components absorbed or resonated with a weak energy of FIR under a cooling condition, and especially that the solvated enzyme will be kept in a folding structure, and further that a formation of a Michaelis complex has been accelerated and stabilized. Therefore, these states will regulate an electron flux of reducing equivalents through the active centers of xanthine oxidase. Such a kinetic manifestation of the thermodynamic properties of the reaction is apparently operating in the xanthine oxidase reaction including the irradiated enzyme, substrate, and competitive inhibitors as shown by changes in free energy, enthalpy, entropy and their activation parameters for the reaction.
The net energy accepted directly by the enzyme and reaction components in an aqueous solution might be less than the actual energy irradiated from a ceramics heater, because the energy of FIR is completely absorbed by water molecules within 3 mm from the surface of an aqueous solution.
1 ) It is noticeable that not of the much energy of the far-infrared wave region yet significantly affected the structure and chemical properties of xanthine oxidase and the reaction components such as xanthine and competitive inhibitors in an aqueous solution. More detailed informations for the non-thermal effects of the FIR radiation would be obtained by measuring a direct change of the structure of xanthine oxidase. Subsequent studies must be required for whether the non-thermal effect of FIR could also be found in other enzymes. These proofs might indicate the exact biochemical mechanism supporting an acceleration of metabolism in the body by the FIR radiation at a relatively low temperature. 29)
